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1

COATING SU'RROUNDING A PIEZOELECI'RIC
| SOLID STATE MOTOR STACK o

TECHNICAL FIELD

The ﬁeld of the mventlcn relates generally toan
encapsulatlon structure for solid state motor actuators,
and more particularly to a process for encapsulatmg-; o

plezoelectnc solid state motor stacks.
~ BACKGROUND ART

Commerclally manufactured solid state motor stacks

or actuators, are produced using piezoelectric discs
interleaved with metal foil electrodes. Application of
~ electrical potential apphed to alternately biased elec-

trodes causes each of the piezoelectric discs to expand
or axlally distort. The additive deflection of the stacked
discs is typically amphﬁed by hydrauhcs to effectuate ._

useful actuation. |
- An example of a ccnventlcnal electromechamcal

actuator havmg an active element of electroexpansive
material is found in U.S. Pat. Nos. 3, 501,099 and

0

15

5

stack The fluid is pressunzed SO as to- malntam contact;.

| between the fluid and the stack during radial shnnkage, | .
- or axial expansron, upon the apphcatlcn of an apphed'-' | o

voltage

In a second embodnnent O’Neill apphes a solid pcly- o
urethane coating to the stack. The coating is kept in =~
- contact with the stack by a pressurized insulating fluid -~
to prevent separation during cperattcn and arc-over B

associated therewith.

“A third O’Neill embodiment maintains contact be- I
tween the stack and a solid insulating coating by wind- =
-mg a filament or tape around the coated stack. ‘The tape S
B wound around the coating to prelcad the ccatmg to .
 prevent separation of the coating from the stack. The =~

-winding of the tape is Spaced to allow for expansion- cf

~ the polyurethane coating during operation of the stack.

The present invention constitutes an improvement

.' over conventional encapsulation technology. Benefits, '
- such as increased stack cperatlcnal temperature range,~
i endurance, _output and lifetime, are achreved by the "L

~present invention.

3,635,016 to Glendon M. Benson. Benscn s patents dis-
~close both an actuation am;:»hﬁcatlcn structure and a

method for manufacturing piezoelectric stacks. Sheets

25

~of ceramic material are rolled, compacted and punched -

into ceramic discs. After a cleaning process, the discs =~

~ are stacked with alternate sets of continuous disc elec-

- trodes disposed between the ceramic discs. The stacks
undergo a pressurized cold-welding process, followed

by an elevated temperature and pressure bcndlng pro-
cess after common electrodes are connected to the two

electrode groups. The stacks are poled by apphcatlcn of
a DC voltage and then encapsulated with a plastic insu- -
lative cover prior to final mcuntmg wrthln a transducer
housing. - NS - : |

- Various envucnmental desr gn ccnsrderattcns are 1m-

operating temperature ranges and external. mechamcal
- stresses are the most serious of these factors.

- Conventional stacks are limited to a maximum. oper---
. ating temperature of about 75° Celsius, measured at the
~outside of the stack housing. Heat generated by the
stack itself 1s ccrnpounded by the ambient temperature.
45

For example, one apphcattcn of the stack may be to
actuate the valves on an engine. Extreme heat generated
by the engine upon which the housed stack is typically

35

. portant in piezoelectric stack manufacturing. Device

30

DISCLOSURE OF THE INVENTION

In one aspect of the present invention, a prezoelectrlc R
solid state motor is provided. The solid state motor .
_includes a plurality of piezoelectric elements assembled .
‘in a stack. Each element has two opposing planar sur-- o
faces. A plurality of electrodes each has a planar section
ccntacttng the planar surfaces of two adjacent elements . -
_in the stack. A silicone adhesive is adapted to adhereto =~
the piezoelectric elements. A plurality of alumina parti- '
cles are disposed in the silicone adhesive. A protective
.hcusmg cylindrically encases the combination of the

stack, electrodes, and sﬂrccne adheswe

~ In another aspect of the present. mventlcn, a method

for encapsulating a piezoelectric solid state motor is =~ .
provided. The method includes the following steps. =~
Encapsulating the stack with a low viscosity silicone
_adhesive having thermal properties. “Curing the silicone
‘adhesive at a first temperature for a first predeternuned DI
~_amount of time, setting the silicone adhesive. And .
-~ thereafter curing the silicone adhesive at a second tem-
~perature for a second predetermined amount of time, =~
further establishing adhesion between: the plezcelectrlc .

o 'elernents and the silicone adheswe

mounted typically results. Stack temperatures can reach

- upward of 40“-50' C. above the measured engme tem-*

- perature.

On the other hand structural defects typlcally lead to
~ conventional stack failure due to shear and torsional

BRIEF DESCRIPTION OF THE DRAWINGS

Fcr a better understandlng of the present mventlon, N :' j '}_;_
reference may be made to the accompanymg drawmgs,.- S

~in which:

~stresses applied to the stack dunng operation and/or

~ installation. Structural stack failure is most commonly
~ attributed to fatigue cracking of the ceramic discs. Sep-
. aration between dlsks/electrodes 1s also a frequent o

problem.

- Piezoelectric stack msulatlcn has been mtroduced- |
 between the dlsk/e]ectrode stack and the housmg in an
| 'Iattempt to minimize some of the above menttcned prcbu -

-' lems

~‘avoided by maintaining contact between the piezoelec-
tric stack and the insulating material. In a first embodi-
 ment, O’Neill teaches introducing a pressunzed insulat-
ing fluid such as 011 mtc the hcusmg cf a p:ezcelectnc |

U.S. Pat. No. 4011 474 to Cormac G O’Netll dis-
- closes several methods for improving stack insulation to

55

FIG. 1 shows a slde-sectronal view cf a hcused en- ;

“capsulated piezoelectric solid state. motor stack in ccn- T

- nection with the present invention; TR S
FIG. 2A shows an electrode wrth a planar sectlcn: B
and an elongated section; I

~ FIG. 2B shows a tcp-sectlcnal view of the hcused_ o

B plezoelectnc stack cf FIG 1 taken thrcugh lme A—A

and

| | mventton
avoid operation breakdowns. Arc-over is allegedly

BEST MODE FOR CARRYING OUT THE
- INVENTION |

Brcadly, the present method for encapsulatmg piezo- |

- 'electrt..... stacks is desrgned for an autcmated manufactur- .

FIGS. 3A-3B are ﬂcw charts of the basic stepsina =
- method for applying an elastomer in the encapsulation -
! _of a prczoelectnc stack in ccnnectlon wrth the present IR
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3
Ing process to yield high-quality, high-durability solid
state motor stacks. The piezoelectric encapsulation
steps of the present process have refined the technology

4

~move axially with little restraint. The diaphragm and

employing careful cleaning and inspection operations

which result in stacks with fast responses and great
driving forces.
It should be understood that the present invention is

directed to a piezoelectric solid state motor stack encap-

sulation structure and the method of encapsulating the
stack structure. However, the terms solid state motor
stack and electroexpansive actuator, for example, are
synonymous. Throughout this discussion, the piezoelec-
tric solid state motor stacks will be common referred to
as “‘stacks”.

The present invention not only overcomes the defi-
ciencies of conventional technologies, as cited above,
but also provides the following features and advantages

FI1G. 1 shows a housed solid state motor stack 100, in
con_]unctmn with the present invention. An electrode/-
ceramic element stack 102 is centered in a housing 104.
The stack 102 includes a plurality of piezoelectric ele-
ments 103. The elements 103 may assume a variety of
geometrical shapes. In the preferred embodiment, the
elements 103 have substantially circular geometries.
Hence, the elements 103 are referred to as discs. Prefer-
ably, each disc has two opposing surfaces formed sub-
stantially paralleled to one another. The discs are alter-
nately interleaved with two sets of electrodes 108,108’

The basic structure of each electrode 108,108’ will be
discusses with reference to FIG. 2A. Each individual
electrode 108,108’ includes a planar section 220 and an
elongated section 222. The planar section 20 of each
electrode is adapted to contact a substantial portion of
the planar surfaces of two adjacent discs.

- The electrodes 108,108’ are cut or stamped from

metal foil using techniques well known in the art. The
electrodes may be formed of copper alloys such as
brass, or their known equivalents.

The housing 104 may be formed of hardened steel
and is cylindrical in shape with a hollow cylindrical
- cavity for housing the stack. Two throughports 106 are

‘bored in the top end of the housing 104 to permit the
electrodes 108,108’ to exit the housing. Each of the
electrodes are bundled together by connectors 109,109’.

The housing 104 also includes a set of threads 110
which are used to attach the stack and housing to an
engine head, for example. Housing 104 has a plateau
region 112. As viewed from the top of FIG. 1, the pla-
teau region 112 has a hexagonal cross section. This
hexagonal shape is not shown in the figure, but it.is used
for tightening and loosening the piezoelectric solid state
motor housing on the engine head.

A silicone encapsulant is injected to fill the cavities
between the stack and the housing, as well as the gaps
between adjacent electrodes. Finally, an end surface
114 of the housing 104 and the exposed surface of a last
ceramic element 115 must be simultaneously ground to
facilitate proper alignment of a diaphragm 116 to the
end of the stack housing 104. The diaphragm 116 may
then be laser-welded to the surface 114. This permits the
end of the stack (i.e., the end surface of the element 115)
to be in contact with the diaphragm 116.

The diaphragm 116 is preferably made of stainless
steel with thickness of about 0.1 mm. The steel dia-
‘phragm functions to protect the stack from external
contaminates In addition, the diaphragm prevents the
electrode/element stack from rotating within the hous-
ing, but since it 1s thin and flexible, it allows the stack to
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the housing have a preferred hardness of about 30
Rockwell C. |

A piston is usually abutted against the diaphragm 116
when the stack is installed on an engine head. During
installation, the stack is screwed onto the engine head.
and the diaphragm 116 transfers stresses to the housing.
If no diaphragm were present, the friction between the
end ceramic element and the piston would cause the
stack to rotate. Rotation of the stack would in turn
cause the elements to shear, and separate, and the sili-
cone encapsulant would rupture. Such structural de-
fects would detrimentally affect stack operation. .

The section of the housing labeled 118 provides a
fixed perch against which the stack is seated. Upon
application of a driving voltage of about 1000 V to the
electrodes 108,108', the stack will expand in the axial
direction against the fixed perch 118, thus causing the
diaphragm 116 to move outward thereby producing
actuation. Therefore, nearly all axial displacement oc-
curs against the diaphragm 116; almost no axial dis-
placement takes place at the end adjacent the section
118.

FIG. 2B is a cross sectional view taken through line
A—A of the piezoelectric solid state motor stack and
housing of FIG. 1. The silicone adhesive is shown sand-
wiched between the stack and the housmg In the pre-
ferred embodiment the silicone adhesive is produced by
Dow Corning as product number Q3-6632. Advanta-
geously, the silicone adhesive has a low viscosity pro-
viding for the adhesive to flow easily into the crevices
found in the stack and around the intricate configura-
tion of the electrode assuring complete encapsulation of
the stack. The viscosity of the silicone adhesive at 25°
C. is 5700 cps and the specific gravity is 2.14. The sili-
cone adhesive comprises a plurality of aluminum oxide
(alumina) particles. The alumina particles have a high
thermal conductivity characteristics thereby enhancing
the thermoconductivity of the encapsulant. Advanta-
geously, the grain size of the alumina particles are sub-
stantially the same as the grain size of the piezoelectric
material. For example, the grain size of an alumina
particle 1s approximately 1-5 microns and the grain size
of the piezoelectric material is 4-5 microns. Therefore
the alumina particles make good physical contact with
the piezoelectric material thereby conducting much of
the heat generated by the stack to the inside of the
housing wall where the heat is radiated and enhancing
the adhesion of the encapsulant to the piezoelectric
material.

A generahzed stack encapsulatlon process 300 is
shown in FIGS. 3A & 3B. As shown in block 302 the
stack undergoes a cleaning process. In one embodiment,
excess gloss and contaminants are removed from the
exterior of the assembled stack by a conventional grit
blasting technique. The stack is ultrasomca]]y cleaned in
a methanol bath. The clean stack is then heat dried at
block 304. The heating process removes volatile con-
taminants. The heating process consists of heating the
stack at a temperature of 100° C. for a perlod of 2 hours
In a desiccator, such as a vacuum oven using approxi-
mately’ —98 kPa pressure. The stack is then cooled at
room temperature, as indicated at block 306.

Subsequent to block 310, a releasing agent is applied
to the inside walls of the housing. The releasing agent
inhibits the silicone encapsulant from adhering to the
inner walls of the housing. Thus, the releasing agent

allows the encapsulant to move with the stack when



~ voids in

actuated Further, the releasmg agent allows the encap-
~ sulant to expand/contract as the temperature changes,
thereby avoiding damage to the encapsulant. In the
preferred embodiment, the releasing agent is a flouro-
carbon suspended release agent produced by Mﬂler-Ste— |

pherson as Part No. MS-145.

The stack is then aligned in the housmg by a modlﬁed
_ ahgnment fixture at block 310. The alignment fixture

5 218 259

| _further enhanee the encapsulant S adhesmn characterls—; R

should include a cylindrical case including a bottom-

/end section. As shown i in FIG. 1, one end of the actua-

10
~ tor has two openings to permit the electrical leads to
- pass therethrough. In addition, the inner diameter of the

alignment fixture case should be shght]y larger thanthe
~outside diameter of the stack in order to permit pmper -

encapsulation. Stoppers must then be inserted in ‘the 15

holes at the base of the allgnment fixture to seal around
the electrical leads, as shown by block 312. Please note
- ~would act as a comphant layer.

that the composmon of the ahgnment fixture case and
_ port stoppers is not crucial to the invention. However, -
their composmon must not be such that contamination

| of the stack or chemical reactions occur therewith.

In block 314, the prepared allgnment fixture is then

20

~positioned in a pneumatic potting fixture located in a
vacuum chamber. A small axial load is then applied to

- the stack by the pneumatic potting ﬁxture so that the
_alrgnment fixture may be removed. The small axial load
is in the force range of about 445-1112.5 Newtons. -

After the alignment fixture is removed a large axial
load is applied to the stack, in block 320. The load used
to compress the stack allows the brass electrodes to
~ form to the lrregular surfaees of the disc. Thus, essen-

tially few spaces are formed between a succession of

discs thereby increasing stiffness. In the preferred em- .
~ bodiment the force is approximately equal to 8900 New-

tons. The chamber 1. then sealed as shown in block 322.

25

30

35
- After which a vacuum is created in the chamber shown
by block 324 The vacuum draws out a sufﬁc1ent vol-

ume of air so that the elastomer will fill the remaining -

voids in the stack when the vacuum iS released Prefera- "

‘bly, the vacuum is applied at — 100 kPa.
~ The apphcatlon of the adhesive will now be de-
scribed in further detail. The silicone adhesive is sup-

- plied from the manufacturer as A and B components.
~ The silicone adhesive is mixed per the manufacturers

~ suggested directions, in a 1:1 ratio by welght ‘When
thoroughly biended, the mixture has a uniform gray

appearance. To insure a uniform product mix, the A and
- B components should be thoroughly mixed prior to
~ blending. Once components A and B are thoroughly

' mixed, the resultant elastomer should be de-aired. The

- elastomer is de-aired by conventional techmques

In block 328 the elastomer mix is then injected mto- :
~ the desiccator through a glass tube and into the spaces

between the stack and the inside wall of the case. The
55

vacuum in the. chamber is then released, in block 330,

prowdlng the silicone: elastomer to fill any remaining
the stack. Thus once the vacuum is released,
the elastomer fills the voids of the stack thereby enhanc- *

ing the stiffness pmperty of the stack.

~ The elastomer is then cured in block 332 In the pre- |
- ferred embodiment, a first curing step is provided at
- 100° C. for apprommately 2 hours. At the first curing

step the encapsulant sets, giving. the appearance of a

hard rubber material. Thereafter a second curing step is -
“then performed at about 145°-150° C. for approximately

tics.

penod of 1 hour at room temperature in block 334.

- The elastomer is applied in a manner so that the elec- S
- trodes and. the piezoelectric discs are sufficiently cov-
ered so as to prevent arc-over. Further, the elastomer SRR

electrically isolates the stack from the ‘housing.

In block 338 the stack is removed from the pneu:rnatlc..
_ fixture inside the vacuum chamber. The coating of the -~
silicone encapsulant are trimmed as shown in block 340. SRR
- Trimming exposes the end surfaces of the assembled
stack to permit direct transfer of translational motion. =~
from the stack to a diaphragm number during actuation. = . .
Otherwise, the untrimmed end. coating of elastomer. R

Block 342 represents the poling. proeess The pohng_ S
process consists of applying a voltage signal to thestack =
- at room temperature. For example the voltage signalis =~ = -

~ ramped-up from 0 volts to 800 volts, then ratnped-down R
from 800 volts to 0 volts. The poling techmque iscon- .
~ventional and is a function of the ceramic material. T
'As shown in the block 344, the end surface of the'._._'_._ o
o housmg and the exposed surface of a plezoeleetnc disc - .
is simultaneously ground to facilitate proper alignment -

. of a steel diaphragm to the end of the stack housing

‘assembly. The diaphragm may then be laser weldedto .
‘the end surface of the housing as depicted at block 346. =~ -
‘The diaphragm is preferably made of stainless steeland -~ .. -
~has a thickness of about 0.25 mm. The steel draphragrn R
- functions to protect the stack from external contami-
‘nants. In addition, the diaphragm prevents the electrode-, L
-dlSC stack from rotatmg within the housmg .

Industnal Appllcabthty o n

- An example of the operation of the present mventlon.._ |
will now be discussed. The main function of a piezo-
electric actuator is to provide actuation. This is accom- T

~ plished by applying high electncal potentlal to each of

- the piezoelectric discs. In response to reeewmg the., e
~ electrical energy, each of the discs “grow” orexpandin
the axial direction, while “shrinking” or contractmg in
‘the radial direction. As each individual disc in the stack
expands, the stack 130, likewise expands. Moreover,

‘once electrical energy is removed from the discs, the =

discs return to their original form. This expansive fea- =~ - .
‘ture of plezoelectnc material makes the ceramic desir-

435

apphcatlons where heat is a factor. Further the encapsu- . .

“lant protects the stack from external shock allowingthe =
~ stack to be utilized in rugged conditions. All of the -
~ above lend to an actuator which has superior reliability. =~ .
In addition to the superior physical characteristics =~ =

~ associated with the silicone adhesive many assembling

4 hours. The second step establishes adhesion of the

- silicone encapsulant to. plezoelectnc ‘material. More-

over a couplmg agent such as sr]ane may be utlhzed to

able for many applications requiring actuation.

~As described above the silicone adhesive prowdesff R
superior physical characteristics which include but is- '. o
. not hmited to the followmg ‘The low viscosity nature of S
~ the silicone adhesive lends to good adherence to the o
piezoelectric discs. Moreover, the low viscosity nature .~
- allows the adhesive to fiil the crevices of the stack pro- =
- viding for good stiffness. Thus, good stiffness property .
‘allows for greater displacement of the actuator. The
alumina particles provide good thermoconductive char-

acteristics allowing the stack to be used in a variety of

At block 336 the axlal load 1S then released from the‘:'-_-'-
stack. R
| Thereafter the stack 1S then allowed to cool for a

:::::

- properties are enhanced as well. The adhesive provldes,;__-f_;f .
- for prlmerless adhesmn to the stack Further, since only' e
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one application of adhesive is required the actuator may
be produced in a speedy manner.

Other aspects, objects and advantages of the present
invention can be obtained from a study of the drawings,
the disclosure and the appended claims.

We claim:

1. A piezoelectric solid state motor, comprising:

a plurality of piezoelectric elements assembled in a
stack, each element having two opposing planar
surfaces;

a pluralhity of electrodes each having a planar section
contacting the planar surfaces of two adjacent
elements in said stack;

a silicone adhesive adapted to adhere to said piezo-
electric elements: '

a plurality of ceramic particles disposed in said sili-
cone adhestve, wherein the grain size of said ce-
ramic particles is substantially equal to the grain
size of said piezoelectric elements; and

a protective housing cylindrically encasing the com-
bination of said stack, electrodes, and silicone adhe-
sive.

2. A solid state motor, as set forth in claim 1, wherein
the silicone adhesive is initially a low viscosity liquid
and is distributed around and throughout said stack
filling an area between said stack and said housing, and
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8
thereafter the silicone adhesive is cured to adhere to the
piezoelectric elements. |
‘3. A sohd state motor, as set forth in claim 1, wherein
each electrode includes an elongated section formed
with said planar section extending outwardly from said
stack.
4. A sold state motor, as set forth in claim 3, wherein:
said piezoelectric elements and the planar sections of
said electrodes have substantially circular geome-
tries; and

- said elongated sections extend outward from the pe-

riphery of said planar sections, said elongated sec-
tions of predetermined pluralities of electrodes
being fastened together.
- 3. A sold state motor, as set forth in claim 4, wherein
the two opposing planar surfaces of the elements are
formed substantially parallel to one another.

6. A solid state motor, as set forth in claim 5, wherein
the elongated sections extend outward from the periph-
ery of said planar sections at substantially right angles.

7. A solid state motor, as set forth in claim 2, wherein
the composition of the ceramic particles includes alu-
mina. |

8. A solid state motor, as set forth in claim 2, wherein
the grain size of the alumina particles is approximately 1
to 5 microns and the grain size of the piezoelectric

elements is approximately 4 to 5 microns.
. * % *x x x
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